Role of quantum fluctuations at high energies 



S.G. Rubin"*, H. Kr5ger''t, G. Melkonian^^ 
"Centre for CosmoParticle Physics "Cosmion", 
Moscow Engineering Physics Institute 
^Departement de Physique, Universite Laval, Quebec, Quebec GIK 7P4, Canada 

§ ; February 1, 2008 

O ■ 

(N ; 

3 : 

• Abstract 

00 . In this report we investigate an influence of virtual particles on the classical motion of a system in Minkowski 

' and Euclidean spaces. Our results indicate that fluctuations of flelds different from the main fleld decelerate 

significantly its motion at high energies. The formalism described here is applicable to the majority of infla- 
tionary models. A smallness of temperature fluctuation of cosmic relic background could be explained within 
this framework. 

We show also that the quantum fluctuations suppress false vacuum decay in flrst-order phase transitions at 
J — ' high energies. 

o : 

CN ■ 1. Massive fields and infiation 

, The first models of inflation solved many conceptual problems. The price was, in general, very small coupling 

■ constants. For example, one of the most promising model, chaotic inflation with the potential of the form 

^ l' A(/3* gives A ~ 10^^^ to be compatible with large-scale temperature fluctuations. To overcome this difficulty, it 

seems necessary to take a second field into consideration with a specific coupling to the first one, as was done 
in many modern inflationary scenarios. For example, hybrid inflation |^ deals with two coupled scalar fields 
pH I with connected classical equations of motion. There are models which take into consideration an interaction of 

• • . a classical field with particles, which are produced by the main field during a classical motion ^ ^• 

^ ^ ' Here we consider only a pure quantum effect of interaction of the main field with virtual particles of some 

k> , other sort. Temperature effects are not considered here. It is known that a cloud of virtual particles, having 

j_j ■ inertia, is able to decelerate the motion of the classical field, which produces this virtual cloud. This phenomena 

' is well known in solid state physics (polaron effect, see e.g.|^, Q]). 

To show and discuss the main effect, consider only one auxiliary scalar field x as a representative of all other 
fields coupled to an infiaton field ip. The form of interaction is chosen in such a way to obtain analytical results: 



> 

o 



s = 



(1) 



Here u{tp) is the polynomial of ip with a power less than 3 for renormalazable theories. The first power of field 
X permits one to obtain final formulae which are valid for some arbitrary coupling constant k. x - particles are 
supposed to be virtual, and thus the transition amplitude has the form 

A{p,,x^^Ox■,^f,X^=0)^ [ ' Dp f Dxexp[iS]. (2) 

Here the field x is considered to be rather massive, so that its classical component is placed at a minimum of 
its potential. Integrating out the field variable x one arrives at the effective action 



Seff = 



2 V,m'iO''' - Vif) 



+ — / d^x j d'^x ^ —gu{tf>{x))G(x, x')u{p{x')) (3) 
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This expression is exact, but the nonlocal term prohibits to make analytical predictions. To proceed, let us 
expand the nonlocal term into a power series oi x — x' just like in the method of effective action [g] . The 
simplest way is to use the equation for the Green function M in the form 



G{x, x) 

Substituting it into expression ( 
with slow motion), one obtains 



Seff 
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■.df^y^d'^G{x,x') 



(4) 



■xV~9 iTT-x V-9 

and neglecting higher derivatives of field (f (recall that we are going to deal 



(5) 



The first term in Eq.(y) contributes to renormalization of initial parameters of the potential. The last term 
in Eq.(^) changes the form of kinetic term. As parameters of potential will be determined by some physical 
conditions, we will concentrate on new terms in the kinetic energy which cannot be incorporated into parameter 
renormalization. The importance of this is discussed in [|l^ in connection with the cosmological constant 
problem. 

The classical equation of motion can be written 



(6) 



where a = 

Renormalized parameters contain contributions from interactions with all fields and the field x being among 
them. The latter contributes to renormalization of the coupling constant Aren and can be written explicitly - 
Sxi'il = -S^. The main shortcoming of the first model of chaotic inflation with the potential of the form Xrenifi 
was a smallness of the coupling constant Aren(~ 10~^^) necessary to avoid contradiction with observations. It 
means that all terms in the final expression for Xren including SXi'^n must be cancelled with a high accuracy. 
Below it is shown that renormalization of the kinetic term permits one to weaken restrictions for parameters of 
the theory. 

The inflaton field is considered homogeneous during the period of inflation, (p = ip{t) and Eq.(^) becomes 
more simple. One can neglect terms proportional to d'lfi/dt^ and {d(p/dt)^ taking into account slow motion of 
the field (p, which takes place under condition 



2a 



It leads to a classical equation of the form 



12Ha' 



mt 



(7) 
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On deriving this equation, the usual connection of the scale factor a{t) and Hubble parameter H - H = d/a was 
assumed to hold. Consider as a specific case u{ip) = ip'^ and V{ip) = Xip"". Then the solution of Eq.(^ can be 
written 



p{t) 



4- 



i/2 



t/fn 



l/{4-n/2) 



1 /n 
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n(4 - n/2) m^MpX^/^ ' 



(9) 



Here the following expression for the Hubble parameter H — ^ %-kV(}p) / 3 /Mp was used. The condition of slow 
motion is (p « 12Hip p>-^. It is important to mention that the velocity of motion 



if = 



YL 



obtained from Eqs. (^) appears to be much smaller than the usual value , 



if ■- 



which justifies our initial assumption. First, a 'superslow' stage of infiation is finished when tp ^ tpc- Then the 
stage of ordinary infiation takes place until ip> « 3H(p. 

Let us determine an amplitude of quantum fluctuations during the 'superslow' stage of inflation. Fluctuations 
of noninteracting fields were investigated before Q . At the same time only estimations of order of magnitude 
are known for interacting fields The probability of given fluctuations developed for a cosmological time 
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~ 1/H in a causally connected region with the size ~ ^/H is not small if the action is not large as compared 
with unity, AS' < 1, h = 1. The main contribution gives the last term in Eq.fel): 



AS, 



,A^2 



and hence 

Aifi ~ "^H. (10) 

a<p 

Thus, the amplitude of fluctuations are proven to be small as compared with those in the case of ordinary 
inflation H/2-k or as compared with the estimation H/X^^'^ on the basis of the term V{ip) = Aip*, It should 
be mentioned that in terms of the quasifield (p = (p^ the high - energy behaviour looks just like that for a free 
massive field. 

To proceed let us find the field value (pu when our Universe was born. It is known that Nu — 60 e-folgings 
enough to explain the main observational data. Taking into account the connection Nu = f Hdt, we 

obtain 



Mpm^ 



(11) 



One can see that our Universe could be nucleated rather late due to the effect of virtual particles if « Mp. 
It does not seem strange because the first stage of inflation is characterized by a 'superslow' motion, and the 
Universe has enough time for an appropriate expansion. 

All discussion above holds if quanta of the auxiliary field x are quite heavy, and the field is at a minimum 
of its potential during the inflationary stage. It takes place ii H < m. This inequality ought to hold at least 
during the first stage of inflation, when ipu > f > fc- Some simple calculations give the estimates 



m 



^ < 0.1 

a — 



(12) 



which do not seem to be very strong. A lower limit for is determined at least by quantum corrections, and 
we have a plausible estimation > k or, equivalently, a < 1. 

Let us flnd a parameter range which does not contradict the observable temperature fluctuations of cosmic 
background radiation. Standard calculations [ p^ , |l^ where the expression (^^ is taken into account leads to 
the equality 

— = 16V67riV(7T7^ , 

p Mp a 

for the potential Xip"^. According to the observational data jlij, Sp/p ~ 6 • 10~^ at the scale of modern horizon. 
Thus one obtains only connection of parameters in our model 



— TT^-IO" 
a Mp 



(13) 



instead of a strong restriction for the parameter A. 

As a result, we can conclude that the collective motion of the inflaton field and virtual particles are able to 
explain observable small temperature fluctuations in a natural way. 

2. Suppression of first-order phase transitions by virtual particles 

In the following we show that the virtual particles decreases significantly the probability of vacuum decay 
even at zero temperature. It could lead to an alternation of the order of phase transitions at the early stage of 
evolution of our Universe. 

Let us start with the double well potential of the scalar field with nondegenerate vacua. Following the logic 
discussed in the beginning of this paper, consider an auxiliary field % with action (jl|). Phase transitions are 
investigated usually in Euclidean space, which means a substitution t ^ ir in the formulae written above. 

The calculations similar to those in the first part lead to an effective Euclidean action for the scalar field tp 



du{ip{x)) 
dxu. 



(14) 



(Here and below gravitational effects are omitted) .The last term can be interpreted as influence of the virtual 
X - particles. 

Let the field be placed initially at a metastable minimum of the potential Vren- In this case the decay of 
the vacuum goes by nucleation and expanding of bubbles with a true vacuum ipT inside it. The outer space is 
filled with a metastable phase ipp- This process is described by 0(4) - invariant solution ippir) of the classical 
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equation of motion in Euclidean space with the boundary conditions v'-b(O) = ^fr', <^b(oo) = ipp- The probability 
of the vacuum decay was obtained in Wm 



r/v : 



\ 2-K 



Det'b{^pB) 



DetD{ipF) 



-1/2 



g-SE(^B)^ (15) 



where the kernel K of operator b{tp) has the form K(x,y) = ^^(^^^- The effective action in the exponent 
is the main factor. On the other hand, as shown below, the value of the effective action orders of magnitude 
increases under the influence of virtual particles. Let us choose the potential in the form 

Vren = ^ {if^ - a^)^ + ^ - a) . (16) 

The instanton solution of the Euclidean equation of motion for the field (fi may be parameterized in the following 
way 

<p{x)^<PB{r) = Atcinh(^^{r~R)'^-B, (17) 

were = Yltt^i -^a- Parameters R M are to be determined by minimization of the action (^ while parameters 
A B are chosen to satisfy the boundary conditions 

^s(r-.oo) = ^^; 
tfiB[r -* 0) = <pT- 

Higher derivatives are neglected in the expression ( [l^ ) of the action. This approximation is correct if dxi^B /m-^tpB « 
1 {m^ is the mass of x - particles which are formed in a virtual cloud). On the other hand, the derivative of 
the instanton trajectory d^ipB is of the order of the mass of the main particle m^. Numerical calculations 
indicate that the transition from a false vacuum to a true one becomes noticeably wider due to the influence of 
virtual particles, i.e. M « rriip. Thus our approximation is valid at least if m^jm^ « 1. A numerical 0(4) - 
symmetrical solution of the equation 

+ ^U'{V) [lu'{v)drV + U"{v){dr^f + U'{^)dl^] = ^^^^ 



is supposed to have the form (|17[). The results of calculations are represented in Fig.l. The horizontal line 
marks the standard result. The effect of virtual particles was not taken into account. Obviously, the effective 
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action orders of magnitude increases, and the vacuum decay is exponentially suppressed comparable with the 
well-known result. 

In conclusion, we found that virtual particles at high energies could significantly influence the classical 
motion and vacuum decay. It is shown that in a wide range of parameters the first stage of inflation consists of 
a 'superslow' motion of the inflaton field. One of the useful effect of virtual particles is a considerable weakening 
of the conditions on parameters given by observational data. Tunnelling processes could be strongly forbidden 
as compared with a textbook result too. 
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